Background: Persons with multiple chronic conditions receive multiple guideline-recommended medications to improve outcomes such as mortality. Our objective was to estimate the longitudinal average attributable fraction for 3-year survival of medications for cardiovascular conditions in persons with multiple chronic conditions and to determine whether heterogeneity occurred by age. Methods: Medicare Current Beneficiary Survey participants (N = 8,578) with two or more chronic conditions, enrolled from 2005 to 2009 with follow-up through 2011, were analyzed. We calculated the longitudinal extension of the average attributable fraction for oral medications (beta blockers, renin-angiotensin system blockers, and thiazide diuretics) indicated for cardiovascular conditions (atrial fibrillation, coronary artery disease, heart failure, and hypertension), on survival adjusted for 18 participant characteristics. Models stratified by age (≤80 and >80 years) were analyzed to determine heterogeneity of both cardiovascular conditions and medications. Results: Heart failure had the greatest average attributable fraction (39%) for mortality. The fractional contributions of beta blockers, renin-angiotensin system blockers, and thiazides to improve survival were 10.4%, 9.3%, and 7.2% respectively. In age-stratified models, of these medications thiazides had a significant contribution to survival only for those aged 80 years or younger. The effects of the remaining medications were similar in both age strata. Conclusions: Most cardiovascular medications were attributed independently to survival. The two cardiovascular conditions contributing independently to death were heart failure and atrial fibrillation. The medication effects were similar by age except for thiazides that had a significant contribution to survival in persons younger than 80 years.
guideline-recommended medications and death in older adults with MCCs (2) . We extend that work to determine longitudinal average attributable fractions to death which provide population-level absolute values.
Our objective was to estimate longitudinal average attributable fractions to death of four common cardiovascular conditions in persons with MCCs, as well as the effect of three oral medications recommended by national guidelines for these conditions. We also explored whether heterogeneity occurs by age. We present a methodology called the longitudinal extension of the average attributable fraction (LE-AAF) (3, 4) that can be applied to dichotomous outcomes, such as mortality, and overcomes many analytic challenges including attributable fractions adding to more than 100%.
Methods

Study Population
We included Medicare Current Beneficiary Survey participants with a baseline interview from 2005 to 2009 and up to three yearly follow-up interviews. This nationally representative sample of Medicare beneficiaries was obtained using stratified multistage sampling from the Centers for Medicare and Medicaid Services enrollment file. We included all participants aged 65 and older with at least two of nine chronic conditions.
We selected cardiovascular conditions associated with serious morbidity that had a prevalence of at least 5% in the study population and had an oral prescription medication or medication class recommended in recent national disease guidelines that was used by at least 10% of the study population. A participant was determined to have a condition if there was at least one inpatient or two other kinds of claims (outpatient, physician, skilled nursing, home health) during the first 2 years of participation. Cardiovascular conditions that met these criteria were hypertension, coronary artery disease (CAD), heart failure, and atrial fibrillation. Three medications recommended by national guidelines for these cardiovascular conditions had similar prevalences in this population. This allowed us to compare their average attributable fractions, because all forms of attributable fractions use information on both the prevalence of the factor and the size of the effect estimate. The cardiovascular medications were beta blockers (cardioselective or alpha/ beta blockers); renin-angiotensin system blockers including angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers (RAS blockers); and thiazide diuretics. Medications were ascertained through direct observation of the medication containers at annual inperson interviews. Use of prescription medications was updated yearly to account for initiation and discontinuation of treatment.
Other chronic conditions in our study included diabetes mellitus, chronic kidney disease, hyperlipidemia, thromboembolic disease and depression, defined by a claim for depression or anxiety, or selfreported depression or loss of interest. Chronic kidney disease was included because of its effect on several of the study medications and its association with mortality. Other chronic conditions were accounted for in the Elixhauser comorbidity scale, which includes 23 chronic conditions, and was computed based on the International Classification of Diseases-9 codes from claims (5). The scale, excluding the four cardiovascular chronic conditions and depression, diabetes mellitus, chronic kidney disease and thromboembolic disease, was dichotomized at ≥ 2.
Of the 20,026 participants aged 65 years and older, excluded were 2,682 Medicare Advantage participants who lacked claims data, 6,984 who had less than two study conditions, 1,505 who were nonrespondents, and 277 who had no medication data, resulting in 8,578
persons in the sample. The study was exempt from review by the Yale University Human Investigation Committee because it used de-identified data available for academic, government, and nonprofit research.
Sociodemographic, behavioral, health, and functional data were obtained at annual in-person interviews. Data included age, gender, race, ethnicity, and income, hearing and vision impairments, use of assistive device, urinary incontinence, smoking status, body mass index, prescription drug insurance coverage, cognitive impairment, and comorbidity. Cognitive impairment or dementia was considered present if there was self-reported memory loss, plus either trouble concentrating or difficulty making decisions that interfered with activities of daily living, or a claim for dementia or cognitive disorder. Finally, we controlled for other medications commonly used to treat the aforementioned conditions, including calcium channel blockers, clopidogrel, metformin, statins, selective serotonin reuptake inhibitors, serotonin norepinephrine reuptake inhibitors, and warfarin.
All-cause mortality was identified via the Medicare Vital Status file through 2011, with a follow-up period of 3 years assigned to those who completed the study alive. Censoring of individuals prior to 3 years occurred due to drop out or loss to follow-up from Medicare Current Beneficiary Survey or death, with the time to event reflecting the time in the study or the time to death. Baseline characteristics were summarized, overall and by vital status.
Statistical Methods
In this study, the LE-AAF of a condition-indicated medication or condition tells us its population-level fractional contribution to the timed occurrence of death over 3 years in the presence of multiple coexisting medications, conditions, and patient characteristics. Technical details of the LE-AAF method have been previously described (3, 4) . In brief, it possesses the following properties: additivity-the total average attributable fraction of the medications and conditions equals the sum of individual medications and conditions-and symmetry-the estimate is independent of the order in which the conditions and their indicated medications occur. This is achieved by averaging the estimates in all possible orders and their co-occurrences. The LE-AAF quantifies time-varying medications and conditions (vital status was updated monthly whereas the timevarying conditions and their indicated medications were updated annually). Thus, it models temporal relationships among the cardiovascular conditions and their indicated medications to estimate their population-level average attributable fractions to death or survival.
The first analytic step of a pooled logistic model based on monthly observations with year-specific terms was estimated including the cardiovascular conditions, the co-occurring chronic conditions, and the interactions between conditions and their indicated medications. This interaction allowed us to estimate the indicated medication effect among those with the condition. To control for confounding variables, age (≤80 or >80 years) and sex were included, and forward selection of race (White or non-White), ethnicity (Hispanic or non-Hispanic), and time-varying characteristics updated at each year of study participation (income, smoking, obesity, prescription drug insurance, incontinence, use of assistive device, hearing impairment, vision impairment, cognitive impairment, and Elixhauser comorbidity score (≥ 2) was performed. In this approach, each observation represented a person-month while each person's follow-up time was divided into yearly intervals, assuming that the baseline hazard is constant within a year (3) .
Coefficients from these adjusted models were used to calculate the LE-AAFs as the weighted average of the year-specific attributable fractions, with person-years as the weights. The design matrix without covariates contains 5,925 rows of unique combinations; the design matrix with covariates increased to 15,177 rows of unique combinations because a participant could contribute up to three unique combinations given the time-varying characteristics. Variability of the LE-AAFs was estimated by 95% bias-corrected and accelerated confidence intervals from 300 bootstrap samples, which satisfied normality assumptions by the Shapiro-Wilks test. Calculating the LE-AAFs from the adjusted model with multiple covariates increased the computational burden; thus, a data-centric approach reduced computation time (4) . In order to explore the heterogeneity by age (≤80 versus >80 years at baseline), the same procedures were undertaken with age-stratified models.
The pooled logistic regression models were estimated using SAS, version 9.4 (SAS Institute, Inc., Cary, NC), whereas the LE-AAFs were calculated using the MATLAB, version R2014a (MathWorks, Natick, MA). A 95% confidence interval that does not include zero for the proportional contribution denotes statistical significance.
Results
Approximately 15% of the study sample died. Their baseline cardiovascular characteristics by vital status are given in Table 1 . Overall prevalence of the cardiovascular conditions at baseline ranged 92.2% for hypertension to 19.2% for atrial fibrillation. Only 3.4% of participants reported no studied cardiovascular condition during follow-up. Prevalence of study medications ranged from 46.5% for beta blockers to 53.5% for RAS blockers at baseline. Overall longitudinal average attributable fractions of mortality for the unadjusted and adjusted models are presented in Table 2 . Positive values indicate that the factor contributed to death and negative values indicate that the factor contributed to survival. Heart failure was the largest contributor to mortality (39%) followed by atrial fibrillation, whereas CAD and hypertension were not significant contributors based on adjusted results. Of the cardiovascular medications, beta blockers made the largest contribution to survival (10.4%) followed by RAS blockers (9.3%) and thiazides (7.2%).
Approximately 36% of the cohort was older than 80 years at baseline. Figure 1 displays the age-stratified model of the longitudinal average attributable fractions of study conditions to death. The contributions to death from the cardiovascular conditions were similar in the two age groups. The three cardiovascular medications displayed overlapping 95% confidence intervals signifying similar survival effects in older and younger individuals; however, thiazides only significantly contributed to survival for the population aged 80 years and younger.
Discussion
Among studied cardiovascular conditions present in a nationally representative sample of older adults with MCCs, heart failure and atrial fibrillation significantly contributed to mortality. All three classes of cardiovascular medications significantly contributed to survival. Previously, the LE-AAF methodology was applied to Medicare Current Beneficiary Survey data to estimate the contribution of 97 chronic and 36 acute diseases to death (6) . The current study extends that work to assess the population-level effect of medications with similar prevalences given for selected cardiovascular conditions on mortality and the heterogeneity by age. It also extends recent work on the effects of medications on mortality for persons with MCCs, which provided relative associations that were similar to those in most randomized clinical trials (2), by providing population-level absolute values.
We present a methodology that can be widely applied to these high-dimensional problems of MCCs and medications. The resultant estimates are additive and account for the multiple ordering of conditions and their medications that can occur. The LE-AAF estimates, at a population level, the proportion of contribution to death from conditions and the medications used to treat them, with respect to that of the total contribution from the coexisting conditions, other medications, and patient characteristics across the entire follow-up time. The estimate is interpreted as an average longitudinal measure of the overall risk attributable to a particular condition or medication during the follow-up period.
As with any attributable fraction, both the prevalence of the risk factor and the conditional probability of having the outcome given the risk factors are important considerations when applying the LE-AAF method. Our results show that although hypertension was highly prevalent, it was not a significant contributor to death-illustrating that prevalence alone does not drive the proportional contribution. We present these findings as exemplary of an innovative methodology for determining medication effects in older adults with multiple coexisting medications and conditions.
Although these population-level estimates are not causal and do not apply to individuals, they provide insight into the average attributable fraction of conditions and their associated medications to death in a nationally representative sample of older adults. Presently, few causal methods can be used to analyze multiple treatments of a single condition (7) and have not been developed for scenarios where individuals have multiple conditions, in which inferences are on multiple condition-specific medications. Future methodology Estimated using the longitudinal extension of the average attributable fractions (LE-AAF) where positive values indicate that the factor was attributed to mortality and negative values indicate that the factor was attributed to survival. 95% confidence intervals were estimated with 300 bias-corrected and accelerated bootstrapped samples. Model is adjusted for year, sex, income <$25,000, obesity, prescription drug insurance, incontinence, use of assistive device, hearing impairment, vision impairment, cognitive impairment, diabetes mellitus, chronic kidney disease, hyperlipidemia, thromboembolic disease and depression, Elixhauser comorbidity score ≥ 2 (3), calcium channel blockers, clopidogrel, metformin, statins, selective serotonin reuptake inhibitors and serotonin norepinephrine reuptake inhibitors, and warfarin. Positive values indicate that the factor was attributed to mortality and negative values indicate that the factor was attributed to survival. 95% confidence intervals were estimated with 300 bias-corrected and accelerated bootstrapped samples.
